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AN APPLICATION OF FALKNER'S SURFACE-LOADING METHOD TO
PREDICTIONS OF HINGE-MOMENT PARAMETERS FOR
SWEPT—-BACK WINGS

By Arthur L, Jones and Loms Sluder

SUMMARY .

Application of the Falkner lifting-—surface-—theory method to the
prediction of hinge-moment and, incidentelly, 1lift parameters for
swept-back plan forms hes been made in an attempt to develop an ans—
logue to the existing lifting—surface-~theory procedure for prediction
of these parameters on unswept plan forms, For the two specific
swept-back plan forms investigated the hinge—moment predictions based
on the Falkner method were not in good agreement with experimental
values. The discrepancies between the predicted and the experimental
results probably are due to the effects of fluld viscosity which were
not included in the Falkner method as applied herein.

INTRODUCTION

Previous to the publication of reference 1 1t was generel
practice to predict control-surface hinge-moment parameters for
finite—span wings by use of lifting-line theory. Lifting-line theory
yilelds an induced angle of attack which can be applied to modify the
section hinge-moment parameters by an effective reduction of the
chord load at all sections of the wing. Lifting—surfece-theory
methods have been introduced recently (references L and 2) in the pre-
diction of finite-span hinge-moment parameters in an attempt to in-
clude the effects of chord loced redistribution as well as chord load
reduction., This redistribution of the chord loading that occurs on
a finite-span wing has been found to have an appreciable effect on
the hinge-moment paramesters. .

One successful attempt to evaluate the chord load redistri-—
bution for unswept elliptical plan forms and to apply the generalized
results to other unswept plan forms has been made in reference 2 for
& practicael range of aspect ratios. This attempt has produced a
greatly Improved procedure for hinge-moment-parameter prediction for
unswept wings. The lifting-surface-~theory methods that produced the

results of reference 2, the Cohen method (reference 3) and its
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mechanical counterpart the electromagnetic analogy method, have not
been applled as yet to the prediction of surface loadings and sub—
sequent hinge-moment corrections for swept plan forms. The time
required to obtain one resultant loeding and a lack of rapid con~—
vergence of results to a satisfactory solution very probably have
been the factors that have prevented the successful application of
these methods to the swept plan form case,

Another method for predicting surface loadings is the Falkner
application of lifting-surface theory (reference L) which can be
applled as readily to swept as to unswept plan forms, This method
has been applied in this investigation to obtain the flat-plate pres-
sure distributions for wse in predicting the angle-of-attack hinge—
moment parameters. A basic part of the development of this theory,
the use of & finite number of terms in a series expansion for
expressling the chordwise and spenwise load distributlons, apperently
has rendered the method impractical for predicting directly the
chordwise load distribution on a flapped surface., By use of a
eimplifying approximation, however, predictions were also made of the
parameters for control deflection.

The network of horseshoe vortices used in the Falkner method to
represent the vorticity distribution might conceivably restrict the
method to producing good values for averaged or integrated parameters
such as the finite—span lift-curve slope without ylelding accurate
distributions of the load over the 1lifting surface. If such inaccur~—
acles in the predicted load distribution existed they counld easily
invalidate Falkner's lifting surface solution for use in the pre~
diction of hinge-moment pareameters., Consequently an effort has been
made to ckeck this possibllity by using the Cohen method to determine
the induced velocities of the Falkner loading predicted for a swept
plen form. These induced velccities were checked against the boundary
values required if the stream is to flow along the flat plate at an
engle of attack,

The suitabllity of the loadings calculated by the Falkmer method
for predicting hinge-moment parameters was measured by a comparison of
the predicted and experimental resulis for two 35° swept—back wings
and two unswept wings of aspect ratios 3 and 4.5,

In the process of determining these hinge-moment predictions
besed on the calculated surface loadings, it was convenlent to predict
the lift parameters also, No emphaslis was placed on this phase of the
investigation, however, since the lift parameters for swept and
unswept wings have been investigated previously.
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a geometric engle of:-attack of lifting surface measured 3n the
plane of symmetry, degrees (unless otherwise specified)
oy induced angle of attack, degrees (unless otherwise specified)
e} control deflection angle measured in & plane perpendicular
to the hinge line, degrees (unless otherwise specified)
CL. 11ift coefficient <-%>
cq section 1ift coefficient <’°°ﬁ:2 11“)
Cy hinge-moment coefficient /2inge moment
q be ce2
oy section hinge-moment coefficient ( section hi:‘ﬁ: mnt)
g Ce
c chord of the lifting surface meesured parallel to plane of
symmetry
Ce chord of control surface
Ce root-mean—-square chord of elevator
x/o distance along the chord measured from the local leading
edge as a fraction of the chord
L semispen of the lifting surface

+/(b/2) distance measured perpendicular to the plane of symmetry
divided by the semispan |

be span of control surface
S area of wing
q free—stream dynamic pressure

GLG variation of 1lift coefficient with angle of attack
(3Cy,/3a)

veriation of section 1l1ft coefficlent with angle of ,

cy
@ attack (Scy/da)
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variation of hinge-moment coefficient with angle of attack

(3Ch/3a)

cha ~veriation of section hinge-moment coefficient with angle
of attack (dcy/da)

cha "va.riation of hinge-moment coefficlent with angle of control
deflection (3C,/da)

Cpg “variation of section hinge—moment coefficient with angle of

.— control deflection (dcy/d8)

L . control effectiveness parameter l(czs/cza),

W vertical component of induced velocity

r ;:lrculation strength

Tmax meximim circulation strength

wb/f2 nondimensional value of the verticel induced velocity

Tmax _ . Y

A aspect ratio

A angle of sweep in degrees

subscriptls

cy at a constant secti_on 1ift coefficient

Cy, 2t & constant 1lift coefficlent

5 at a constent control deflection angle

S.C. an increment due to "streamline curvature™ effects

L.S. predicted using lifting-surface—theory methods
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APPLICATION OF THECRIES TO DETERMINATION OF FINITE-SPAN
HINGE-MOMENT PARAMETERS FROM SECTION DATA

An understanding of the procedure used herein for applying the
Falkner lifting—surface-~thecry method to the prediction of hinge—
moment corrections can be greatly faclilitated by a short discussion
of the fundamental lifting-surfece theory. Most of these ideas
have appeared previously in other publications. The diversity of
the analytical operations required by the Felkner and Cohen?
methods, however, warrants the following comparison of the two
methods with regerd to hinge-moment prediction applications.

General Prodecures for lLoeding and Hinge-Moment Determinations

The lifting-surface—theory methods of references 3, 4, and 5
are intended to provide surface loadings that satisfy the boundary
conditions of no flow through the wing for & finite—span thin alr-
foil, These theoretical solutions generally are obtalned using
the limiting case of & thin airfoil (such as the mean camber line
to obtaln the basic loading, or the chord line to obtain the addi-
tional loading) for the boundary conditions. To predict C
the chord line at an angle of atteck is established as the basic
boundary condition and for an untwisted wing of finite span the
chord lines form a flat plate. The prediction for C can be
obtalined by using the mean cember line wlth control deflected as
the basic boundary condition. ’

Since the usual procedure in the prediction of C and Chg
is to modify the section date corresponding to the airfoll profile
of the wing by accounting for three—dimensional effects, it is
apparent that for a glven plan form the difference between the
strip-theory loading and a lifting-surface theory loading is needed
for the hinge-moment corrections. This difference In loadings is
generally regerded (references 1l and 2) as having two components:
one that can be considered as due to an average induced angle of
atback a4 and another that can be considered es due to the varle—
tion of +the induced angle of attack (produced by the varistion of
the vertical induced velocities) along the chord. The latter com—
ponent has been called the streamline curvature effect (references
1 and 2). The consideration of the induced loed as having two com-
ponents was evolved with the application of the Cohen method to

the prediction of finlte-—span hinge moments.

1The electroma.gnetié—a.nalogy method (reference 5) is based on the
same analytical development as the Cohen semigraphical method
reported in reference 3. For the purpose of this analysis then,
the two methods can be considered to be the same and reference

will be made only to the Cohen method.
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These two components of the difference between the strip-theory
end lifting-surface-~theory loadings yleld two separate corrections;
the a4y ocompdnent is applied as a percentage correction to the
gsectlon data and the streamline curvature component ls applied as an
additive correction. In view of this analysis Cp, and ch5 can
be written (neglecting the spenwise variations),

(Choly, g, = Oha = T oha * (ACha)g g,

(Cng)y o, = ohe ~ % ong * (“0ng)g 6,

Determination of Hinge-Moment Aspect Ratlioc Corrections
Using the Cohen Method

This method is set up to £ind the induced velocities for a
given or an assumed surface loeding. It 1s desired to £ind, however,
the surface loading for specified boundary conditioms. The best
approximate loading which cen be estimated readlily is assumed,
therefore, and the induced vertical velocities at a number of points
- on the 1lifting surface are calculated., For this analyslis the strip—
theory loading (two-dimensional chord loadings superimposed on the
wing) was considered adequate for a first approximation. If the
induced velocities for the assumed loading do not satisfy the
boundary conditions 1t is necessary to determine the proper
combination of induced angle—of-attack loading and streamline curva—
ture loading which, when superimposed on the assumed loeding, willl
eliminate the differences between the boundary conditions and the
vertical induced velocities. Thus by a process of systematic approx—
imations the loed distribution ocan be adjusted until the Iinduced
veloclties satisfy the boundary conditions. The nature of the
operations prescribed by this method permits its application to dis—
continuous surfaces and provides a method of predicting Chy a8
well as cha.

Determination of Hinge-Moment Aspect-Ratlo Corrections
Using the Falkmer Method

The approach followed in the development of the Falkner method
limits the application of the method to scme extent but provides a

I
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means of obtaining directly the surface loeding for a given set of
boundary conditions., In this method the spanwise and chordwise
load distribution 1s represented by a double infinite series which
in practical application is restricted to a small finite number of
terms, To simplify the evaluation of the coefficlents in the
serles, the surface distribution of vorticity is concentrated into
a finlte number of vortices and the boundary conditions are satis—
fled at a finlte number of points. The number of chordwise terms
in the series required to determine the load distribution due to
control deflection with sufficient accuracy would extend the com-—
putation time excessively; hence the prediction of C directly
by the use of the Falkner method appeers to be impractlcel, A
simplifying assumption concerning the components of the control-
deflected loading, however,provided the approximate prediction for
Cha presented in the discussion of the results.

For the predictions of the angle—of-attack perameters the
desired difference between the strip~theory loading and the
Fallmer lifting—surface loading for a given angle of attack is
found directly by subtraction. Consequently the difference in
loading does not appear in the convenlent two-camponent form. The
Physical interpretation assoclated with the two components of the
Induced loaed and the equation expressing the finlite span ypara—
meters as functions of these components are well established. It
is desirable, therefore, to resolve the induced loed based on the
Falkner method calculations into the two components rether than
to attempt an analysis using the total induced load as one unit.
To separate the induced angle—of-attack effect contained in the
second term'of equation (1) from the streamline curvature com—
ponent forming the third term of equation (1) the factor oy/a
mst be determined somewhat arbitrerily. It was found that the
most sultable arrangement was to determine a factor «4/Cr, based
on the Falkner predicted value for Cr, Which subsequently could
be transformed to «j/a. Since the lift—curve slope can be
expressed in terms of a3 and (ACpL)g,q, in the following manner

(neglecting the spanwise integrations)

Ola

CI'CL = (3)
%1y, (ML)s.c.
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(&Cr)
where —Tig-‘- is composed of all the elemental loeds of the

chordwise loed distribution except the additionel type loeding
element represented by the cot 9/2 term in Felkner's series, then

where ch 18 the Falkner result and cla. =2,

The desired form for o4 is finally cbtained from

ﬂ:-a—ic
a Cr, La

whexre the ch, to be used has been adjusted to the proper sectlon
Clq DY means of equation (3).

This value of ay/a 31s applied in the second term of the
hinge-moment equation (1). The third term of equation (1)

m e .- - .- Bt R, N Lt ecam—a s -
<—5—h .c. can be computed from the loading elements meking up the
a's; load plus the integration of the spanwlse variation of the

the cot €/2 load relative to the aversge cot 6/2 load, The
averege «ot 6/2 load corresponds to the oy/a factor discussed.

DISCUSSION OF THECGRETICAL AND EXFERIMENTAL RESULTS
Theoretical Check of Falkner Solutlon

The possibility that the Falkner method might not provide a
sufficiently accurate theoretical solution for the loed distribu—
tion at fairly large angles of sweep led to a theoretical investi-
gation to check a Felkner soclution for e 45° swept-back wing by
meens of the Cohen semigraphical method, The calculated induced
velocities and their locations are given in figure 1 along with the
proper boundary velue. The boundary condition established by the
flat plate at an angle of attack was not precisely satisfied at
any of the points investigated. The estimated loeds necessary to
remove the discrepancles between the induced velocitles and the
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boundary conditions, however, yielded a very smell change in
hinge-moment coefficlent, approximately th, = 0,0002,

This result indicates that any sizeable exrror in the hinge—
moment parameter predicted by the Falkner method would be
due to the effects rviscosity rather than the inability of the
Fallmer method to provide a sufficliently accurate solution for
potential flow,

Source of Experimental Results

The experimental two-dimensional and finite—span values of the
parameters lncluded in table 1 wers obtained from tests of a two-
dimensional model, two unswept semispan models, and two swept semi-—
syen models, in the 7— by 1l0-foot wind tunnels at the Ames Aero—
nautical ILaboratory. The airfoil section was an NACA 64AO010 and
on the swept plan forms this section was located perpendicular to
the quarter—chord line. All the finite—span models had taper
ratios of 0.5 and had 30-percent—chord full spen, sealed gap
elevators with nose radius balances. Both the two-dimensional and
three—dimensional tests were made at a Reynolds number of approx—
imately 3.0 by 10°.

Camperison of Theoretlical and Experimental Results

The vaelues of the parameters predicted by the Swanson method
and presented in table I were calculated by the operations out—
lined in reference 2. Included in these operations were a vis—
coslty factor for the streamline curveture load and a compressi-—
bility factor. The computations of the values attributed to the
Falkner method are based on the Falkner loading solutions for
four elliptical plan forms, two swept and two unswept of aspect
ratios 3 and L4.5. The sweep angle of 35° was referred to the one—
quarter chord line, which was kept straight on these plen forms.,
The expressions for predicting the aerodynamic parameters consid-
ered are given in the discussion of the individual parameterse

The difference in the plan formns used to obtaln the predicted
and experimental results (respectively, an elliptical and a 0.5
taper ratio plan form) left the possibility that any discrepancies
arising between the predicted and experimental results might be
due to & greatly increased effect of taper ratio changes on the
surface load distribution at appreciable sweepback angles. For
unswept wings the application of elliptical plan form results to
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the prediction of aerodynamic parametere for various types of
tapered plan forms has been found to be reasonably accurate as
well as practlcal., The added effects of sweep, however, mede it
desirable to analyze a 0.5 taper ratio eswept—back plan form of
aspect ratlo 3 and compare the results with the results based on
the analysis of the elliptical plan forms. The comparison showed
that the difference between the predicted results for the ellip-
tical and 0.5 taper ratio plen forms, given in the following table,
was small enough to be of little consequence in this case,

Parameter | Taper ratio 0.5 | Blliptical
Cha -0,0022 -0,0023
Ch6 ' —-.0093 -.0093
CLm .05L4 «055
c '0 2 .o

Lg 3 33
oy .60 ) .60

The predicted values for the unswept wings are not intended as
a comparison between experiment and theory in order to check the
validity of the predictions by reference 2. This method has
already been established as generally satisfactory by experimental
verification on a large number of wings (approximately 30). The
unaswept wing results are presented to indicate that exclusive of
the incidental compressibility and viscosity factors the Fallmer
method provides essentially the same correction in magnitude and
direction that the established method of reference 2 provides,
(For profile trailling-edge angles of 14° or leds the viscosity
factor reduces the streamline curvature correction by less than
10 percent.) :

Chgy-— The expression used to calculate Cp, is equation (1)
which %aa been discussed previously in the section on application
of the msthod to hinge-moment corrections.

The discrepancies between predicted and experimental values
for the unswept wings are large; than expected., The utility of
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these predictions, consequently, could be questioned. It should
be noted, however, that for these unswept plan forms the stream-
line curvature corrections amount to AC,. = 0,0018 and

= 0,0011 for the aspect ratios 3 and 4.5, respectively. The
1lifting~line~theory predictions which would be equivalent to the
1ifting—-surface~theory predictions minus the streamline curvature
corrections would be in error by 2-1/2 to 4 times as much as the
1lifting-surface~theory predictions. Previous evidence- (references
2 and 6) indicate that for applications of the lifting-surface-—
theory correction errors of 0.0006 and 0.0008 for the predicted
values of Cp, are exceptional but not unreasonmable.

The discrepancies in the predicted values of Cp, for the
swept-~back wings, however, are beyond the limits of rationallze—
tion by consideration as random ceses., The streamline curvature
correction for these swept-back wings are ACh, = 0.0007 &and
MOpg = —=0.0003 for the aspect ratios 3 and 4.5, respectively.

Thus the lifting-line~theory values would be only slightly

improved upon in one case and would be slightly superior in the
other. As shown previously the Falkner method gives a sufficiently
accurate theoretical load distribution for inviscid flow, hence the
deterioration of the lifting-surface-~theory predictions 1ln the
swept-back cases apparently is due to the increased vlscous effectis.

. Cig.— The Cr, values attributed to the Falimer method have
been adjusted to the proper section lift-curve slope by means of
equation (3). The reliability of the Swanson and Fallmer methods
for predictions of Cr, for unswept wings has been investigated
and discussed previously in references 2 and 4. In both of the
present applications o unawept wings the predicted values were
slightly high. The predicted values of Cr, for swept wings by
the Falkner method were also higher than the experimental values,

Ch§ .~ The inability of the Falkner method to yleld directly

surfece loading solutions for deflected control surfaces has been
discussed previocusly., Although this restriction prevents an
explicit determination of Cp,. by the Falkner method, an expres—
sion for C can be developéd involving merely the section Chgs
and a partial evaluation of the induction effects,

The equation for section (cha)a,’

(Chg)g = (%Be)g, * ()¢, (CPalg
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indicates that the loading for a control deflection at a constent
a can be considered as composed of two comstituent parts, a loed—
ing corresponding to the variation of the hinge moment with
control deflection for & constant c3, (cha)c and e loading

I

I’

correspondiing to the variation of hinge moment with angle of
attack for a constant control deflection, (cha.) 5° The induction

effects cen be determined for only the second term by the Falkner
method, but if the induction effects of the flrst term are con—
gldered to be negligible the expression for the finite span ch,(5
becomes

Chg = (ng)  * (%)% Chy, = (%)CL Cng); o

This expression was used to determine the predicted values attri-
buted to Falkner that are presented in teble I. An excellent
check on this expression cen be made by substituting experimental
results for the terms on the right-hand side of the equation.
Thus for the aspect ratic 3 unswept wing

and for aspect ratio 4.5 unawept wing

Cpy = =0.0L1k + (~0.602) (~0.0057) — (0.68) (~0.0020) = —0.009%

almost the precise measured values.

For the unswept cases this expression applied to the section
data ylelded very good predictions of cl:a' In the swept cases,

however, the viscous effects and possibly the neglected induced
effects are apparently quite importent and the Falkner method
does not eppear to be applicable even in the approximate form of
expressiorn. :

CE ~~ By using the same division of the loading due to flap
deflection that was analyzed for COpy and by meking the seme

i:' l

o
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assumptions concerning the induced effects, a simplified expres—
sion for ch, can be written

o o) e, [0

The values for Cr, that are attributed to the Falkner method were
calculated using this expression. Comperison of the predicted and
experimental values for CLy leads to conclusions similaxr to those
for Cp.. The predicted values for the unswept wings are satis—
factory and Justify the assumptions that were made, The pre—
dictions for the swept—back wings, however, are appreciably in
error indlceting that the neglected induced and viscous effects
are important.

CONCLU'DilﬁG- REMARKS

Comperison of the predicted values of Ch, with the experi-
mental velues for the two unswept wings indicated that notwith—
standing incidental viscosity and compressibility factors the
Falkner method provided essentially the same corrections to the
1ifting-line~theory hinge-moment and 1lift parameters that was
provided by the procedure outlined in TN No. 1175 by Swanson and
Crandall. Although neither set of predicted Cpo Vvalues for the
unswept wings checked the experimental results as well as expected,
the predicted lifting—surface-theory velues were great improve—
ments over the lifting-line--theory predictioms.

The values of Chy_ for the swept-back wings predicted by an
epplication of Falkner's lifting-surface theory were in error to
such an extent as to be impractical. These values showed no net
improvement over the lifting-line-—theory velues. The other hinge—
moment parameter Cha estimated by use of the Falkner predicted
surface locaeding wes &pprecisbly in error also.

The unreliabillity of the aerddynemic peremeters predicted for
the swept—back wings is not directly chargeable to the potential
theory surface loadings predicted by the Falkner method for these
plan forms. The predicted loading for & L5° swept—back wing was
checked and found to satisfy the boundary conditions reasonably
well, Thus 1t is probeble that the discrepancles between the
predicted and experimental results for the swept-back wings are
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due to viscous effects which were not included in the Falkner
method mnalysis applied in this investigation.

Ames Aeronautical Laboratory,

1.

2,

3.

Rational Advisory Committee for Aeromautics,
Moffett Fleld, Calif,
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TABLE I.- COMPARISON OF PREDICIED AND EXPERIMENTAL VALUES

Sectlion A=Z.0 A=4,5
Refer- | Applisd | Refer- | applied |
Para= | Bxperi- ence Falkner | Experi- ence | Falkner | Rxperi-
meter | mental 2 method | mental 2 method | mental
Unswept
Chy | ~0s0067 [-0.0017 | =0,0016 |+0.0010{ ~0.0028 | ~0.0028 | ~0.0020
Cpg | =014 | -.0084 | -.0089 | -.0087| =.0095 | =.0097 | =.0095
oL, J108 | 4056 <057 063 | LOTL +070 -066
CLs 085 | . <036 -085 087 | 044 042 «045
ag «602 +640 «610 «700 +626 +600 «680
Swept
cho. = o 0057 - - =.00235 “e0015 | =~ = -.0039 =-.0021
Chg | =014 ~- -.0095 | =.0072| =~ - -.0103 | -.0069
CLg. | 108 | =~ «055 063 [ - - +067 <081
Ory 086 | - - 033 028 [ -- 040 .052
ay «802 -- «600 «520 -- «600 +520
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